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Summary
The majority of complete hydatidiform moles (CHMs) harbor duplicated haploid genomes that originate from sperm. This makes CHMs more advantageous than conventional diploid cells for determining haplotypes of single nucleotide polymorphisms (SNPs) and copy number variations (CNVs) as all of the genetic variants in a CHM genome are homozygous.
Here we report SNP/CNV haplotype structures determined by analyzing 100 CHMs from Japanese subjects using high-density DNA arrays. The obtained haplotype map should be useful as a reference for the haplotype structure of Asian populations. We resolved common CNV regions (merged CNV segments across the examined samples) into CNV events (clusters of CNV segments) on the basis of mutual overlap and found that the haplotype backgrounds of different CNV events within the same CNV region were predominantly similar, perhaps due to inherent structural instability.
Introduction
Copy number variations (CNVs) are common in the human genome 1, 2 . Many are shared across populations with some differences in frequency 3, 4 and may be involved in the etiology of disease 5, 6 . For example, causative involvement of CNVs that alter the dosage of genes related to neurodevelopment has been reported in neurological diseases such as autism and schizophrenia 7 .
Thus, further refinement of CNV profiles in various populations and the use of such information in genome-wide association studies of various complex diseases is a promising, but not yet fully exploited, area of study 6 .
Here we evaluated CNVs and single nucleotide polymorphisms (SNPs) in complete hydatidiform moles (CHMs) using a high-density DNA array hybridization system. The advantages of CHMs over conventional diploid cells for determining haplotype structures marked with SNPs and CNVs are as follows: 1) their haplotypes can be read directly by genotyping, and no phase determinations are needed; 2) they are uniformly homozygous genome-wide, which allows CNVs to be detected with a greater signal-to-noise ratio; and 3) they do not have heterozygous sites of overlapping CNVs, which are often problematic to resolve from diploid data 3 .
The definitive haplotype map of Asian genomes presented here should complement the HapMap Project in which Asian haplotypes were inferred from the genotypes of randomly collected individuals using an assumed population model. The phasing accuracy of these haplotypes was shown to be lower than for those of European descents or Africans, which were mainly determined using a Mendelian inheritance rule of trios 8, 9 . We also found a haplotype preference for recurrent CNV events; this was in contrast to SNPs, another type of genome diversity, which can be viewed as independent random mutational events.
Materials and Methods
Samples
CHM tissues and leukocytes were collected from the mother with the informed consent of the donors in a nationwide (24 prefectures) effort supported by the Japan Association of
Obstetricians & Gynecologists and approved by the institutional review board (Ethical Committee of Kyushu University). Genomic DNA was extracted using a QIAamp DNA Mini Kit (Qiagen) and diluted to 50 ng/µL with TE (10 mM Tris-HCl, 0.1 mM EDTA, pH 7.6). The DNA concentration was determined using a PicoGreen dsDNA Assay Kit (Molecular Probes).
All DNA samples were examined by electrophoresis on 1% agarose gels to confirm a lack of significant degradation. Samples were prescreened using 17 microsatellite loci, and those that showed genome-wide homozygosity and were essentially free from contamination by the maternal genome were subjected to further analysis 10 .
Array hybridization
DNA array hybridization to Affymetrix Genome-Wide Human SNP Array 6.0 chips (0.9 million SNPs and 0.9 million non-polymorphic probes) was performed according to the manufacturer's instructions. After hybridization, the arrays were washed and stained using a GeneChip Fluidics Station 450 (Affymetrix). Scans were done using a GeneChip Scanner 3000 7G (Affymetrix). Output data files (CEL files) were generated using GeneChip
Operating Software (Affymetrix) and analyzed using the Genotyping Console (GTC 3.0.1, Affymetrix).
Five CHMs and one diploid sample were also analyzed using Illumina Human1M-duo BeadChips, which interrogate 1.2 million loci, according to the manufacturer's instructions (see Table S1 for examined samples). The BeadChips were scanned using the BeadArray Reader (Illumina) and analyzed with BeadStudio software (Illumina) using default parameter settings.
SNP genotyping
The SNPs of the CHMs were genotyped using the Birdseed v2 module of the GTC, together with data from 45 HapMap-JPT samples (CEL files obtained from Affymetrix) that were required to obtain three genotype clusters (two homozygotes and one heterozygote). The intensity data were quantile normalized and subjected to genotyping with a confidence threshold of 0.1. The contrast QC scores were greater than 3.9 for all CHMs, and the mean value of the scores far surpassed the recommended mean passing score of 1.7, indicating that the quality of all of the CEL files was sufficiently high to resolve the signals into three genotype clusters (Table S1 ).
The mean rate of homozygosity calls for 100 CHMs was 99.0% (minimum: 95.1%), and the mean rate of heterozygosity calls was 0.3% (maximum: 2.8%) (Table S1 ). Call rates and some quality control (Q.C.) values from the HapMap samples used in this study are shown in Tables S2 and S5 .
CNV status called at the single-marker level
The CNV status of each Affymetrix marker was assigned using modules in GTC. A reference model file was created using the data from 100 CHMs. The median absolute pair-wise differences (MAPDs) were less than 0.307 (Table S1 ), indicating that the variability of signal intensities along the chromosomes was acceptable.
In the interpretation of the Affymetrix data, the copy number status of each marker in a particular sample was measured using a log 2 ratio value, which is the logarithm of the marker's signal intensity relative to a reference value (in this case, the median of all 100 CHM intensities). Thus, the definition of normal (i.e., log 2 ratio = 0) was democratic rather than canonical (i.e., one copy per haploid). This means that the status of a marker could be called normal in a particular sample, even if it was not canonically normal (or vice versa), when the majority of the samples were at a CNV status for that marker in the canonical sense.
In the interpretation of the Illumina data, the indicator of copy number status (log 2 RR) of a marker was calculated with BeadStudio software, using reference values supplied by Illumina (Human1M-Duov3_B.egt). These reference values were determined from clusters of signal intensities from selected HapMap samples and represent the expected signal intensities of markers with a canonically normal copy number status 11 .
Selection of shared markers between the Affymetrix and Illumina data sets
Markers shared between the two data sets (Affymetrix SNP Array 6.0 and Illumina 1M-Duo) in the study shown in Figure 1 were identified by their rs numbers after several steps of filtration. Specifically, rs numbers of Affymetrix SNP markers on both the autosomes and the X chromosome were obtained from the Affymetrix annotation file (GenomeWideSNP_6.na26.1.annot.csv). If more than one marker was indicated for the same rs number, the marker with the largest Affymetrix number was chosen. The rs numbers of the Illumina markers were obtained from the UCSC Genome Browser (snpArrayIllumina1M.txt.gz, see Web Resources). The Illumina markers were filtered such that the ID did not begin with "cnvi" and was not assigned to chromosomes "Y," "XY," or "MT." We conducted a BLAST search of the remaining markers against the reference human genome (hg18), and markers with no hits, a single hit not at the indicated positions, or multiple hits were removed. The intersection of markers, based on the rs numbers of the two filtered marker sets, was taken as shared.
Initial detection of candidate CNV segments (CNVSs)
Segmental evaluation of the copy number states of the Affymetrix markers was performed using the GTC program with some changes to the parameters. translated to "amplification" ( Figure S2 ). Candidate CNVSs containing centromeric gaps were divided into two segments, assuming that the gaps always had a normal copy number state.
Preliminary studies with qPCR (data not shown) indicated that copy number assignments for segments carrying three markers or less could be false positive. Incomplete digestion by the restriction enzymes during probe preparation can lead to false signals for the markers on the involved fragments. Therefore, the candidate CNVSs obtained under both conditions were filtered so that they carried four or more markers and overlapped with at least two restriction fragments, which were judged according to the Affymetrix annotation data.
The candidates obtained under relaxed conditions were further filtered to remove the segments with a mean log 2 ratio of between -1 and 0.5. These threshold values were empirically determined from the results shown in Figure S2 . The filtered candidate CNVSs obtained under both conditions were then merged to define CNVSs.
Validation of CNV status by qPCR
Quantitative PCR was performed using the StepOne real-time PCR system (Applied Biosystems). Primer3 12 was used to design primers to amplify 90-to 120-bp fragments positioned within chosen CNV regions (CNVRs) (Table S10 ; see the following subsection for the definition of CNVRs). Reactions were prepared in a total of 20 µL containing Power SYBR Green PCR Master Mix (Applied Biosystems) and10 ng of genomic DNA. The cycling conditions were as described in the manufacturer's guidelines. The amplification profiles were normalized using a product from LINE-1 elements 13 . The copy number in each sample at the examined locus was calculated from three replicate reactions using the comparative Ct method 14 .
The positions analyzed on the reference genome (hg18) were: 
Accession codes
The array data reported here are available from the Gene Expression Omnibus (GEO) under accession number GSE18701.
Results
SNP genotyping
The CHM samples were examined by hybridization experiments using Affymetrix SNP Array 6.0. The intensity data generated were then analyzed for SNP genotypes and CNV status with several quality control steps as summarized in Figure S1 .
We compared the obtained genotype calls with our previous results from 500 K arrays using 99 shared CHM samples 15 , and the concordance of homozygous calls was greater than 99.99% (Table S3 ). Five of the CHMs were also genotyped using Illumina 1M-duo. The genotype concordance of shared SNPs between the Affymetrix and Illumina calls was 99.99%
for homozygous calls and 2.05% for heterozygous calls (Table S4 ). The SNP genotypes of the CHMs were further filtered based on their CNV status as described later.
Haploid vs. diploid in detecting CNVs
We next asked how well the CNV status of haploid material could be captured at each marker level by comparing data sets from five CHMs with those of a diploid sample, all of which were analyzed by both Affymetrix SNP Array 6.0 and Illumina 1M-Duo. We chose 280 K markers that were shared between the Affymetrix and Illumina data sets (see "Selection of shared markers between the Affymetrix and Illumina data sets" in Materials and Methods), and the signal intensities of each marker determined by the two systems were plotted according to their log 2 ratio vs. log 2 RR (see "CNV status called at the single-marker level" in Materials and Methods).
As illustrated in Figure 1A for a single CHM, a cluster of marker signals was observed in the third quadrant, indicating that the markers in deleted regions were readily recognizable by both systems and were well separated from the majority of the markers with normal copy number status. Similar results were obtained for all five CHMs examined using both platforms (data not shown). In contrast, such a cluster was virtually absent from the third quadrant when the diploid sample was examined ( Figure 1B ), clearly demonstrating the advantage of CHM samples over conventional diploid samples in detecting CNVs.
This is in accordance with the expectation that markers deleted in CHMs should have a null copy number, and the intensities of these markers relative to those with a normal copy number should be zero (or close to zero due to the background signal). Most of the deletions in diploid samples are likely to be heterozygous; therefore, their intensities should be around 0.5 relative to markers with a normal copy number. The difference is much more pronounced when the ratios are expressed on a logarithmic scale.
The advantage of CHMs was less evident in the detection of amplifications, especially for the log 2 RR values; however, a slight increase in outliers in the first quadrant was discernible when the CHM plot was compared with the diploid plot. Saturation of hybridization is a possible reason for the poor resolution of amplifications and has been reported previously in the case of the Illumina system 11 .
Definition of CNV segments
The judgment of CNV status at the single-marker level was still ambiguous as evidenced by the continuous distribution of signals between the third quadrant cluster and the peak of the normal copy signal at the origin seen in Figure 1A . Therefore, CNV status was evaluated by the continuity of markers, that is, by segments. CNV segments (CNVSs) were identified using the Affymetrix data only. We removed five CHMs prior to segmental evaluation as visual examination of whole genome profiles of signal intensities (log 2 ratios) indicated that the data for these samples were grossly abnormal at several points. These abnormalities included apparent whole X chromosome amplifications with many heterozygous sites on the chromosome, apparent amplifications of more than 5 Mb in two chromosomes, apparent amplifications of all telomere regions (two samples), and many apparent deletions along G-bands and could be ascribed to poor sample quality, suboptimal hybridization, or atypical
CHMs (see Table S1 for a summary of the samples and their Q.C. results).
For the remaining samples, potential CNVSs were identified using the GTC program, To obtain some idea of the false negative rate for the segment assignment described above, we examined the regions outside the CNVSs. Inter-CNVS regions of the five CHMs examined by both the Affymetrix and Illumina systems were divided into bins. Each bin carried four Affymetrix markers that overlapped by at least two Affymetrix restriction fragments and had three or more Illumina markers. The mean log 2 ratio for the Affymetrix markers and the mean log 2 RR for the Illumina markers were then calculated for each bin. Figure 1C shows a scatter plot of the bins (gray dots) and the CNVSs identified as described above (red dots for deletions and blue dots for amplifications) in the space of the mean log 2 ratio vs. mean log 2 RR.
As shown in the figure, normal bins that fell within the area of deletions (log 2 ratio < -1) comprised an extremely small fraction (0.8 x 10 -4 ) of the total bins, and most of the bins with a log 2 RR less than -2 were clustered near the y-axis. Approximately 60% of these bins were included in the deletion copy number polymorphisms (CNPs) that have been described to be common in JPT 3 . This corroborates the characteristics of normal copy number defined by the GTC program (democratic definition) as noted in "CNV status called at the single-marker level" in the Materials and Methods section. Furthermore, bins with a mean log 2 ratio value greater than 0.5 occurred at a very small fraction (5.3 x 10 -4 ). Thus, we believe that most CNVSs were captured in the present study, with the caveat that CNV status was defined assuming that the status of the majority of the samples was normal.
Confirmation of copy number by quantitative PCR
Using quantitative PCR (qPCR), we examined eighteen loci within CNV regions The qPCR results were interpreted such that fold changes less than 0.5 or greater than 1.4 were considered to indicate a loss or gain of copy number, respectively. Copy number changes were confirmed for all but two loci ( Figure 2 ). These failures could have been due to fortuitous amplification in qPCR, possibly because the amplicons overlapped with regions of segmental duplications 17 .
Removal of SNP genotypes in deletions followed by sample Q.C.
In comparing SNP and CNVS data, we noticed that genotypes were called for some SNPs in deleted regions. As the CHMs examined here contained duplicated haploid material, the SNP genotypes called within deletions were likely false. High rates of heterozygous calls of SNPs with a low (<-0.5) log 2 ratio, in contrast to almost entirely homozygous calls for other SNPs, support the conclusion that the majority of the genotypes of the SNPs with low log 2 ratios were false ( Figure S3 ). Therefore, we forced genotypes called at a log 2 ratio less than -0.5 and those within deletions to be "no call." Approximately 2% of the total SNP calls were rendered "no call" by this filtration step ( Figure S1 ).
Approximately 0.2% of the calls still remained heterozygous, and this could, in principle, be interpreted as evidence that they were in paralogous sequences. The concordance of heterozygous calls for shared SNPs in two comparisons (between Affymetrix SNP Array 6.0
and Affymetrix 500K 15 , and between Affymetrix SNP Array 6.0 and Illumina1M-Duo BeadChip), however, were extremely low (1.48% and 2.05%, respectively) (Tables S3 and   S4 ). Therefore, we concluded that error, rather than the presence of paralogous sites, was responsible for the heterozygous calls, and all remaining heterozygous calls were also classified as no calls. After these filtering steps, the call rates of ten CHMs dropped below 95%, and these samples were excluded from further analyses (see Table S1 for QC summary).
We also removed one CHM because principal component analysis revealed that this sample appeared to have exceptionally mixed ancestry and was not suitable as a data source for a typical Japanese population as previously described 15 . As a result of these filtering steps, the call rates of 32,205 SNPs dropped below 85%, and these SNPs were removed (Table S7) .
Definitive haplotype structures of SNPs and CNVSs
After the refinements described above, the haplotypes of SNPs and CNVSs were definitively delineated on a map containing data from the final 85 CHMs. This map described a total of 875,826 SNPs on autosomes and the X chromosome, 55% of which were 100% called (all 85 CHMs had genotypes), and more than 95% of which were called at least 93% of the time (79 CHMs had genotypes) for the SNPs (Tables S6 and S7). A total of 6,770 CNVSs (4,255 deletions and 2,515 amplifications) from the 85 CHM samples were included on the map (listed in Table S8 ). These CNVSs occupied 3.1 Mb per haploid genome (Table S9) 
CNV regions
CNV regions (CNVRs) were defined as mergers of CNVSs across the 85 CHMs and given genome-wide numbers that started at CNVR1, located nearest to the terminus of the short arm of chromosome 1. A total of 1,336 CNVRs was identified (listed in Table S10 ), and 582 of these were mergers of two or more CNVSs (multi-hit CNVRs) (Table S11 ). More than half of the CNVRs (754 or 56.4%) were singletons, but singletons accounted for only 11.1%
of the detected CNVSs, indicating that most of the CNVSs overlapped with one another.
The fact that there is a greater chance of observing multi-hit CNVRs (i.e., CNV regions consisting of multiple CNVSs) in regions of segmental duplications known to be preferred sites for non-allelic homologous recombination 18 suggests that many of the multiple hits could be attributable to recurrent ancestral events, not an expansion of the results of single CNV events in the population.
We compared the CNVRs identified here with previously defined CNPs in a Japanese population (JPT-CNPs) that were also identified using the Affymetrix SNP Array 6.0 3 . CNPs have been defined as regions where the copy numbers of included markers tend to vary in a concerted manner among individuals in populations, and they do not overlap with each other 3 .
The comparison was limited to CNPs and CNVRs on autosomes with an allele frequency of 2% or higher (two or more segments per regions) for both data sets. We also excluded CNVRs that overlapped with segmental duplications from the comparison, as these CNVRs were often very large and spanned regions where markers were very sparse, and making precise coverage of the genome ambiguous. Using these criteria, approximately 60% of CNPs found in JPT samples overlapped with our CNVRs, accounting for 40% of our CNVRs ( Figure 3A) .
These values for the overlap between CNVRs and CNPs were lower than expected (greater than 90%) if CNPs and CNVRs were present at similar frequencies in both the JPT samples and the CHM samples. Part of the reason for this discrepancy could be explained by differences in the definitions of CNVRs and CNPs. The lower threshold in the definition of CNVRs was based on the number of markers (four or greater) in the regions; thus, some CNVRs were short. On the other hand, many of the candidate short regions were filtered out during quality control steps in the CNP definition and were likely under-represented 3 . As a result, approximately 25% of CNVRs were shorter than 2 kb ( Figure S4 , Panel C), while less than 8% of CNPs were shorter than that length. It is unknown whether these differences in the definitions explain most of the discrepancies in the overlaps or not.
A comparison of the sizes of CNVRs with Japanese CNPs that overlapped with each other revealed a high correlation, although with some discrepancies (Figure 3B ). Essentially all of the CNVRs with sizes greater than an overlapped CNP were found to contain rare (mostly one), large CNVSs that caused an expansion in the size of the CNVRs.
CNV events
Visual examination of multi-hit CNVRs revealed that many of them consisted of two or more clusters of CNVSs with different ends and were likely to have resulted from different ancestral events of segmental deletion/amplification. In an attempt to resolve these events, CNV events (CNVEs) were defined as clusters of CNVSs 4 . Specifically, CNVSs in each CNVR were clustered using a greedy algorithm that consisted of the following steps: 1)
groups of CNVSs were determined by their mutual overlap at or above a threshold value; 2) the largest group was identified, and the CNVSs within this group were merged and named a CNVE; 3) the CNVSs belonging to the CNVE were removed, and the procedure was repeated from step 1 until the CNVSs were exhausted. If two or more largest groups were found in step 2, the first group identified during the process was adopted. CNVEs were cumulatively numbered starting from CNVE1 as the first CNVE identified in CNVR1.
By choosing an overlap threshold of 51% of the physical distance, 582 multi-hit CNVRs were resolved into 1,124 CNVEs (listed with allele frequencies in Table S12 ). Further visual inspection suggested that many of the CNVEs defined here were still heterogeneous and could likely be divided into subevents. We did not attempt to resolve these regions further, due to the difficulty in meaningfully improving event detection because of the extreme bias of marker distribution in or near many CNVRs.
Capturing CNVs by linkage disequilibrium with SNPs
We asked how well CNVRs could be captured by linkage disequilibrium with SNP alleles. The examination was limited to common CNVRs (minor allele frequency > 5%) that were deletion changes only and occurred in non-duplicated regions, in order to minimize the effects of possible errors on the definition of CNVSs. As shown in Table 1 , approximately one half of the common CNVRs remained uncaptured (maximum r 2 < 0.8) by SNP markers on SNP Array 6.0.
McCarroll et al., and Cooper et al, have shown that the capture rate of CNV regions by
SNPs was approximately a half of the rate of SNPs, when the platform Affymetrix SNP Array 6.0 was used 3, 19 . They also showed that scarcity of effective SNP markers in the vicinity of CNV regions relative to other genomic regions was the reason for poor capturing of CNVRs.
Our observation was in accordance with these earlier reports.
We found that the capture rate (with a maximum r 2 > 0.8) of amplification CNVRs was lower (0.37) than that of deletion CNVRs (0.47, including those in segmental duplications).
An altered physical relationship between CNVRs and adjacent SNPs in samples with
amplifications (e.g., due to the location of the amplified copy at a chromosomal position different from original position) is among the possible explanations of the lower capture rate.
We also found that deletion CNVRs overlapping with segmental duplications showed a lower capture rate (0.30) compared with those in unique regions (0.49), most likely due to the scarcity of SNP markers in segmental duplications 3 .
Capture rates can also be reduced if the CNVRs are ancestrally heterogeneous, that is, if they consist of two or more CNVEs that occurred independently. In such cases, each of the CNVEs should be more efficiently captured than the CNVRs; however, we found that the capture rate of the CNVEs was consistently low (Table 1) . We also defined CNVEs by reciprocal overlap of CNV segments on the basis of the number of markers rather than physical distance, and essentially the same results were obtained (data not shown). These observations are seemingly the opposite of the anticipated results and can be explained if
CNVEs within a CNVR have common haplotype backgrounds.
Haplotype preference of CNV events
To test the possibility of haplotype sharing between CNVEs, we chose common deletion
CNVRs that did not overlap with segmental duplications, consisted of multiple CNVEs, and had at least one common event (allele frequency 5% or higher). We further restricted the comparison by requiring any two CNVEs to be distinguishable by at least two markers and not allowing any of the CNVRs to contain interrupted CNVEs in any of the samples. The rationale for this restriction was to avoid false haplotype similarity caused by erroneous splitting of single events. A total of 35 CNVEs in 17 CNVRs met these criteria. The similarities in haplotype background between common CNVEs within the same CNVR were then examined.
The haplotypes examined here were those defined by SNPs found within 200 kb of both ends of each CNVR. As a measure of haplotype similarity between two CNVEs in a CNVR, we calculated the mean homozygosity of haplotype pairs between every sample in one CNVE and every sample in the other CNVE (observed between-events homozygosity). The tendency of recurrence of the two CNVEs in particular haplotypes was then evaluated against their occurrence in independent haplotypes (which is the expected between-events homozygosity assuming independent occurrence) by bootstrapping the second events. Specifically, the null distribution of homozygosity was generated from 10,000 sets of haplotype pairs with the assumption that the second CNVEs occurred randomly in any of the observed haplotypes of all samples. The probability densities of the null distributions were obtained by kernel density estimation using R 20 . The comparison was limited to 26 cases that gave a unimodal probability density of null distributions as judged by visual inspection. The empirical p-value for the occurrence of observed homozygosity in the null distribution was then estimated (see footnote of Table 2 ).
As shown in Table 2 , the means of the homozygosity between events were predominantly higher than the means of the null distributions (24 of 26), and the differences were significant for most comparisons (21 of 26, or 12 of 26 after Bonferroni correction), despite the fact that the number of alleles examined was small. These results indicate that the recurrence of CNVEs is strongly dependent on haplotype. The twelve comparisons that showed strong haplotype similarity were between CNVEs in ten CNVRs, and nine of these CNVRs overlapped with CNPs. The CNVRs carrying CNVEs with significantly similar haplotype backgrounds are shown using the UCSC Genome Browser with modification of some lane names for better visualization (Figure 4 and Figure S4 ). Figure S5 illustrates the haplotype profiles of CNVE samples and non-CNV samples for all of the CNVRs listed in Table 2 (an example is shown in Figure 5 ). As is evident from the figure, remarkable haplotype sharing between CNVE samples was evident when compared with non-CNV samples, especially near each of the CNVRs, with one exception (CNVR 273, see Figure S5 ).
In this exceptional CNVR, the two CNVEs seemed to have arisen from different haplotypes.
Discussion
We determined the haplotype structures of SNPs and CNVSs in Asian genomes, taking advantage of CHMs and their haploid genomes. SNP haplotypes 8, 21 and CNV maps 3, 4 have been reported previously using HapMap populations; however, the phasing accuracy of the Asian haplotypes has been shown to be more than ten-fold lower than the phasing accuracy for European descents and Africans 9 . The high-resolution SNP/CNV definitive haplotype map presented here for a Japanese population is based on the examination of 100 CHMs, which are naturally occurring haploid human samples. Therefore, these haplotypes are definitive, and the phases are accurate 10 .
Recent studies have indicated that the maternal physiological state is responsible for mole formation, while the sperm genome does not seem to play a role. Thus, the genomes of CHMs can be regarded as unbiased samples of sperm genomes 22, 23 . More than 95% of the CHMs studied here were collected within thirteen weeks of gestation. In such a short period, these CHMs were unlikely to have been subjected to extensive selection. This is in contrast to cultured cell lines, including some HapMap samples known to carry large CNV segments that probably arose during extensive culturing and were fixed by repeated passaging 4 .
CHM genomes have not been biologically proven to be complete in the sense of being capable of supporting the normal development of individuals. Abnormalities that occur de novo in paternal germ cells may remain unselected, so long as the abnormality does not influence cell growth. Such events, however, are likely to be rare.
We genotyped CHMs using available high-density DNA arrays, and their CNV structures were determined using a modification of an available method. The copy number status of each marker in each sample was judged by its signal intensity relative to the intensity of the majority of the samples, which can yield results that differ from the canonical copy number status (i.e., one copy per haploid) as mentioned earlier. The Canary algorithm 24 assigns absolute copy numbers of predefined CNPs for each sample 3 ; however, this algorithm was developed specifically for diploid samples and could not be directly applied to our haploid samples. Considering this limitation, we analyzed our data using the Canary analysis module integrated in GTC, assuming that copy numbers of 0 or 1 were deletions and copy numbers of 3 or 4 were amplifications. As a result, a total of 537 bi-allelic CNPs were identified, 283 of which overlapped with our bi-allelic CNVRs. The determination of CNV structure using available arrays involves some uncertainty due to the extremely uneven distribution of markers as noted previously 3, 19 . Perhaps significant improvement in the detection of CNVs must await the availability of arrays carrying an unbiased distribution of markers. Recently, Conrad et al. reported an advanced CNV-typing array system that can efficiently detect even small CNVs 27 . Using this system, the detection of CNVs in existing materials should be improved; however, this system still suffers from the fact that detecting CNVs in Asian genome is highly inefficient (the number of CNVs detectable in Asians is approximately two-thirds that of European descents). This is because the initial experiments conducted to determine the markers to be loaded in the typing arrays were carried out using European descent and African samples, resulting in some population bias in the detection efficiency of the typing array.
Non-hybridization-based methods such as resequencing by new-generation sequencers are obviously among other future approaches. CHM samples provide an exceptional opportunity for effective whole genome resequencing as CHMs are homozygous genome-wide and require less sequencing redundancy. Furthermore, the reads can be aligned with greater confidence, unlike resequencing diploid materials.
Supplemental Data
The Supplemental Data include seven figures and twelve tables.
Web Resources
The URLs for the data and software used herein are as follows: 
Accession Number
The Gene Expression Omnibus (GEO) accession number for the array intensity data reported in this paper is GSE18701. A CHM sample (A) and a diploid sample (B) were compared based on their relative signal intensities of 280 K SNP markers that were common to both the Affymetrix SNP Array 6.0 (log 2 ratio, x-axis) and the Illumina Human 1M-duo (log 2 RR, y-axis) arrays. In (C), CNV segments and normal bins were determined for five CHMs (CHM001, CHM002, CHM003, CHM005 and CHM006; see Table S1 in Supplemental Data) as described in the text, and CNV segments (red for deletion and blue for amplification) or bins (gray) were plotted according to the means of the log 2 ratios and log 2 RRs for the included markers. Table S10 for the chromosomal positions of the CNVRs. Figure S5 for the profiles of other CNVRs listed in Table 2 .
Tables
